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Tis study investigated the capability for fn regeneration in zebrafsh larvae with the mechanism of FCS isolated from green and
purple sea cucumbers Apostichopus japonicus (G-FCS and P-FCS). HPGPC determined that mean molecular weight of purifed
G-FCS and P-FCS is 19.5 and 18.8 kDa, and the FT-IR spectrum displayed similar characteristic absorption peaks. AFM images
presented that G-FCS was shown as a spherical polysaccharide, while P-FCS molecules exhibited elongated chains. For the
regeneration examination, FCS increased the regrowth area of the larval fn at 48 hours postamputation with enhanced locomotor
behaviors, and the transcription levels of regeneration-related genes (Wnt10a, msx1b, fgf20a, bmp2a, bmp4, and igf2b) were
upregulated. Moreover, FCS promoted the mRNA expression of infammatory factors (iNOS, TNF-α, IL-6, IL-10, and IFN-c) and
TLR/NF-κB pathway-related genes (TLR3, TLR4a,NF-κb, andMyD88). TeWestern blot analyses of TNF-α and IL-1β supported
that FCS enhanced immune response. ELISA results indicated that FCSs increased the contents of NO, CAT, SOD, and G6PD.
Summarily, the present results suggested that FCS was a potential regeneration enhancer by elevating immunomodulatory and
antioxidative processes in zebrafsh.

1. Introduction

Te sea cucumber Apostichopus japonicus is considered one
of the most valuable commercially farmed species in East
Asia due to its abundant nutrition and medicinal properties
[1], and the color of its body wall is an important factor that
afects its taste and market price [2]. For example, the green
color morph is the most common in nature, while themorph
of purple individuals is scarce and regarded as a valuable
species with high market potential [3, 4]. Several reports
revealed that the biologically active extracts such as fuco-
sylated chondroitin sulfates, the special form of poly-
saccharide in sea cucumber, have shown anticoagulant,

antithrombotic, antiviral, antitumor, antioxidant, and im-
munomodulatory activities in vivo and in vitro [5]. Fur-
thermore, a unique characteristic of sea cucumbers is that
they could repair and regenerate themselves when injured,
and the wound-healing properties of sea cucumber extracts
also have been validated in animal models [6]. Additionally,
the research on regeneration-promoting efects with the
underlying mechanism of the specifc FCS needs further
clarifcation.

Wounding healing is a natural biological process in-
volving in four overlapping stages including hemostasis,
infammation, proliferation, and remodeling [7]. Tese
physiological phases should occur within a specifc period in
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the proper sequence for successful wound healing [8].
Meanwhile, various intrinsic factors such as complex cell
signaling networks, numerous cell types, infammatory
mediators, oxidative stress, and growth factors were in-
volved in promoting wound healing [9, 10]. Currently, the
zebrafsh (Danio rerio) serves as a fairly well-developed
experimental model for regenerative and wound healing
studies for its remarkable regenerative capacity in organs
such as the kidney, heart, central nervous system, and ap-
pendages (fns) [11]. Te fn regeneration had been in-
tensively researched, and considerable progress had been
made in revealing cellular and molecular mechanisms of
potential regeneration for the fn. Further analysis of the
precise function of these pathways had shown amazing
complexity in the way they act [12]. Several signaling
pathways were associated with fn regeneration, including
fbroblast growth factor (FGF), bone morphogenic protein
(BMP), insulin-like growth factor (IGF), hedgehog (Hh),
Wnt/β-catenin, and nuclear factor-κB (NF-κB) [13].

Ample evidence supported that the immune system
played a predominant role in the regeneration of injured
tissue by clearing infectious and impaired cells, as well as
initiating tissue repair [14–16]. Tis process heavily relies on
the contribution of macrophages, which induced the
clearing of cellular debris, deposition of the extracellular
matrix (ECM), and synthesis of various growth factors and
cytokines in the repair and restoration of tissue homeostasis
[17]. Many botanical polysaccharides are endowed with the
activation capability on macrophages, which is achieved
through the combination of pattern recognition receptors
(PRRs) including toll-like receptors (TLRs), scavenger re-
ceptors, and complement receptors [18]. In addition, oxi-
dative stress is also thought as a key factor that could prevent
the repairing of the wound with enormous free radicals
impairing surrounding tissues [19]. In recent years,
a number of natural biologically active substances with
immunomodulatory, antimicrobial, antioxidant, or analge-
sic activities that had demonstrated biological and medicinal
properties on wound healing [20, 21].

In the present study, FCSs from green and purple
A. japonicus were purifed and characterized to investigate
their efects on wound healing and regeneration in the
zebrafsh larvae with caudal fn amputation. Besides, the
potential mechanism of the regeneration-promoting ca-
pacity of FCS was clarifed by examining the transcriptional
response of regeneration signaling pathway-related genes,
immunomodulatory activity, and antioxidative activity. Te
results would provide novel insight that FCS is a potential
clinical medicine for therapies of wound healing.

2. Materials and Methods

2.1. Isolation and Purifcation of Sea Cucumber
Polysaccharides. Te crude polysaccharides were extracted
from fresh green and purple A. japonicus (Shandong Ori-
ental Ocean Sci-Tech Co. Ltd., China) according to the
method described previously [22]. Briefy, the body wall of
sea cucumber was lyophilized, smashed, and homogenized
and added with KOH under stirring at 60°C (pH� 8.5).

Ten, the powder was hydrolyzed with Diastase vera (EC
3.3.21.4) in sodium acetate bufer before centrifugation. Te
supernatants were precipitated with threefold 95% (v/v)
ethanol.Te precipitates were distilled and added with 1.5M
KOAc (4°C overnight) before centrifugation and dialysis.
After lyophilization, the crude polysaccharides were
collected.

Te crude polysaccharides were purifed by Q Sepharose
Fast Flow column (300mm× 30mm) using the AKTApure
(GE Healthcare, USA) system and were eluted with
0–2mol/L linear gradient of NaCl at a fow rate of 1mL/min.
Fractions containing FCS were detected by the phenol/
sulfuric method and then collected, dialyzed, and further
purifed on a Sephadex 25 column (100 cm× 2.6 cm) before
lyophilized for subsequent analysis.

2.2. Te Purity and Molecular Weight Analysis. Te purity
and molecular weight of FCS were determined by high-
performance liquid gel permeation chromatography
(HPGPC, Agilent Technologies, USA) on the Shimadzu
GPC-20A (Shimadzu, USA) with a RID-20A refractive index
detector (Shimadzu, USA), which was equipped with a TSK
gel GMPWXL column (7.6× 300mm, TOSOH, Japan). Te
mobile phase was 0.1mol/L NaNO3 (containing 0.06%
NaN3) at a fow rate of 0.6mL/min. Te molecular weight of
FCS was calculated according to the standard calibration
curve by Shimadzu GPC software (Shimadzu, USA).

2.3. Characterization of the FCS. For the Fourier transform-
infrared (FT-IR) spectroscopy, the dried FCS was mixed
with KBr (1 : 50) before being pressed to a transparent flm
and then scanned by Nicolet IS10 FT-IR spectrometer
(Termo Electron, USA) in the frequency range of 400 to
4000 cm−1.

Te molecular morphology of FCS was inspected using
atomic force microscopy (AFM, Dimension Icon, Ger-
many); the FCS solution (5 μg/mL in distilled water, 10 μL)
was dropped onto freshly cleavedmica substrate and allowed
to dry at room temperature (RT) for 24 h. Ten, the samples
were mounted on the AFM stage and acquired under tap-
ping mode in ambient conditions at 25°C.

2.4. Zebrafsh Husbandry and Embryo Collection. Te wild-
type AB zebrafsh were purchased from the China Zebrafsh
Resource Center (Wuhan, China). Adult zebrafsh were
reared at 28± 1°C with a 14/10 h light/dark photoperiod and
fed with brine shrimp twice a day. For fertilization, male and
female zebrafsh (1 :1) were maintained together overnight.
Te fertilized and well-developed embryos were collected
and maintained in an E3 embryo medium (EM) containing
0.2mmol/L N-Phenylthiourea (PTU) (Aladdin, China) to
prevent pigment formation. All investigations were ap-
proved by the regulations on experimental animals of
Management methods of Laboratory Animals in Shaanxi
Province, China (No. 150, 2011) and the Animal Ethics
Committee of Northwest A&F University, Yangling,
Shaanxi, China.
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2.5.Caudal FinAmputationandDrugTreatment forZebrafsh
Larvae. At 72 hours postfertilization (hpf), larvae were
anesthetized with 0.2mg/mL tricaine (ethyl 3-
aminobenzoate methanesulfonate, Aladdin, China). Ten,
the amputation of the caudal fn was performed using
a sterile surgical blade and the pigment gap was considered
as a reference. Following injury, larvae were placed in 6-well
plates containing only dechlorinated water (A group) or
water embracing G-FCS (100 μg/mL green-fucosylated
chondroitin sulfate, G group) and P-FCS (100 μg/mL
purple-fucosylated chondroitin sulfate, P group) immedi-
ately and maintained at 28°C for 4 h. Normal larvae without
amputation (N group) were also anesthetized and recovered
in the dechlorinated water as the control for wounding. Each
treatment group was repeated four times. After that, all
groups of zebrafsh were transferred to dechlorinated water
and maintained at 28°C.

2.6. Assessment of Fin Regeneration by Morphological Ob-
servation and Locomotor BehaviorAssay. For morphological
observation, the zebrafsh were imaged immediately at 4, 24,
48, 72, 96, and 120 hours postamputation (hpa) under
a microscope (Nikon, Japan). At least six images were
captured for each group (n� 4). Te tail regrowth area
during wound healing was quantifed with Image J 1.44
software (National Institutes of Health, USA).

Te locomotor behavior assay was conducted according
to the method described previously [23]. In brief, six larvae
of each group were individually transferred in the 24-well
plate with 2mL culture water at 24, 48, and 72 hpa. After
10min of acclimatization, larvae were recorded under visible
light for 20min by DaniorVision Observation Chamber
(Noldus, Netherlands). Te video data were analyzed using
EthoVision XT (Noldus, Netherlands).

2.7. Te Detection of NO, CAT, SOD, and G6PD Levels.
In brief, the zebrafsh larvae (twenty larvae per group, n� 6)
were collected and rinsed with ice-cold PBS and homoge-
nized with physiological saline using an ultrasonic processor
(Sonics, USA). Te level of nitric oxide (NO) and the ac-
tivities of catalase (CAT), superoxide dismutase (SOD), and
glucose-6-phosphate dehydrogenase (G6PD) were measured
by corresponding assay kits (Nanjing Jiancheng Bio-
engineering Institute, China) following the manufacturer’s
protocols, respectively. After the reaction with the corre-
sponding working solution, the absorbance at the respective
wavelength was measured using a microplate reader (Bio
Tek, USA). Te contents or activities were calculated using
the formulas according to the manual.

2.8. Quantitative Real-Time PCR (qRT-PCR) Analysis. At 4,
24, 48, and 72 hpa, twenty larvae per group (n� 6) were
pooled and homogenized in TRIzol lysis reagent (TakaRa,
China) for RNA extraction.Te quality and quantity of RNA
were checked by a nanodrop spectrophotometer (Termo
Electron Corporation, USA). Te cDNA was synthesized by
M-MLV reverse transcriptase (Invitrogen, USA) in a 20 μL

volume containing 3 μg total RNA. Te qRT-PCR was
performed using an ABI Real-Time PCR system (Applied
Biosystems, USA) and SYBR Green mix (TakaRa, China)
following instructions. β-actin was used as the reference
gene. Te expressions of genes were determined by the cycle
threshold (Ct) and the results were analyzed using the
2−ΔΔCT method. Te sequences of the primers are listed in
Table S1.

2.9. Western Blot Analysis. At 4, 24, 48, and 72 hpa, the
larvae (twenty per group, n� 6) were collected and lysed
using RIPA bufer (CWBIO, China) that contained protease
inhibitors. Te BCA protein assay kit (CWBIO, China) was
used to detect the protein concentration. Protein samples
were electrophoresed and transferred onto a polyvinylidene
fuoride (PVDF) membrane (Millipore, USA). After block
with 5% BSA (Bio-Rad, USA), the membrane was probed
against the primary antibodies including anti-GAPDH (1 :
1000, ZSGB-BIO, China), anti-TNF-α (1 :1000, Abcam,
UK), and anti-IL-1β (1 :1000, Cell Signaling Technology,
USA) at 4°C overnight, subsequently incubated with cor-
responding secondary antibodies (1 : 2000, CWBIO, China)
at RT for 2 h. After washing the remaining antibodies, en-
hanced chemiluminescence reagents (ECL, ZETA LIFE,
USA) were used to capture the bands under the imaging
system (Bio-Rad, USA).Te bands were quantifed by Image
J 1.44 software.Te expression of proteins was normalized to
GAPDH.

2.10. Statistical Analysis. All data were performed through
statistical analysis and shown as the mean± standard error
(SEM). Te diferences were analyzed with two-tailed t-tests
or one-way analysis of variance (ANOVA) with Tukey’s test
using SPSS 20.0 software (SPSS, USA); P< 0.05 was con-
sidered statistically signifcant.

3. Results

3.1. Isolation and Purifcation of FCSs from Green and Purple
A. Japonicus. After the extraction process, the yields of
crude polysaccharides from green and purple A. japonicus
were 5.78% and 5.33%, and the extraction efciency was
53.32% and 51.90%, respectively. Te fractions from green
and purple A. japonicus crude polysaccharides that eluted
with 0.66–0.71 and 0.63–0.77mol/L NaCl were identifed as
FCSs. Te contents and retention times in anion-exchange
chromatography of the two FCSs were similar, indicating no
signifcant diference in sulfate content. Te yield of G-FCS
and P-FCS from dried body walls was 0.95 and 1.30mg/g,
respectively, and FCS was more abundant in purple
A. japonicus.

Te purity and average molecular weights of purifed
FCSs were assessed by HPGPC; each fraction showed
a single and symmetric peak that verifed the homogeneity
(Figure 1(a)). Te retention time was 14.008 and 14.024min,
and the averagemolecular weights of G-FCS and P-FCS were
fgured out to be 19.5 and 18.8 kDa, respectively.
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3.2. FT-IR Spectrum and Morphological Characterization by
AFM. To further identify FCSs, FT-IR spectra of two FCSs
were analyzed between 4000 cm−1 and 400 cm−1

(Figure 1(b)), and the obtained spectrum presented similar
characteristic absorption peaks.Te signals at 3392 cm−1 and
1062 cm−1 were attributed to the stretching vibration of O‒
H and C‒O, respectively. Te bands at 2946 cm−1 were
produced by the stretching vibration of C-H. Te absorp-
tions at 1062 cm−1 were derived from the asymmetric
stretching vibration of C‒O‒C.Te signals at 1229 cm−1 and
820–860 cm−1 were due to the vibration of S=O and C‒O‒S
of sulfate, which confrmed the presence of sulfates in FCSs

[24, 25]. Te signal at 832 cm−1 indicated the presence of 6-
O-sulfated-N-acteylgalactosammine and 2,4-O-disulfated
fucose. Tese results confrmed that both FCSs were fuco-
sylated chondroitin sulfates.

In addition, AFM was used to characterize surface
conformation and obtain the thickness of macromolecular
chains of FCSs. G-FCS was formed by the aggregation of
random linear chains with a few spherical polysaccharide
molecules in AFM images (Figure 1(c)), and the mean
thickness was 1.8 nm while P-FCS molecules exhibited
elongated chains (Figure 1(d)), whose thickness was mea-
sured at about 2.2 nm.
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Figure 1: Purifcation and characterization of FCSs from green and purple A. japonicus. (a) HPGPC of G-FCS and P-FCS. (b) FT-IR
spectrum of G-FCS and P-FCS from A. japonicus. Te purple line indicates the FT-IR spectrum of G-FCS, and the red line indicates P-FCS.
AFM images of (c) G-FCS and (d) P-FCS. Scale bar� 0.2 μm. G and P represent G-FUC and P-FUC, respectively.
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3.3. FCS Accelerated the Regeneration Program of Zebrafsh
Caudal Fin. To evaluate the healing ability of FCS, the
tissue regeneration area of the tail fn after amputation in
the 72 hpf zebrafsh was measured. As shown in
Figure 2(a), FCS treatment enhanced caudal fn tissue
regeneration of zebrafsh larvae after 24 hpa, and the
amputated caudal fns were completely restored and
exhibited a normal shape at 72 hpa. Te quantifed re-
generation area of the caudal fn in the P-FCS treatment
group was signifcantly larger than that G-FCS group and
control group at 48 hpa (P< 0.05). And FCSs still had
slight growth-promoting ability after caudal fn repair
(Figure 2(b)). Tis observation indicated that 48 hpa was
a key time point, which is essential for accelerating the
healing process by FCS.

3.4. FCS Improved the Locomotor Activity of Zebrafsh Larvae
after Amputation. As the caudal fn plays a crucial role in
fsh locomotion, the motile behavior of zebrafsh larvae after
amputation was tracked at 24, 48, and 72 hpa to further
explore the regeneration-promoting efects of FCS. P-FCS
signifcantly increased the mean velocity, maximum accel-
eration, and total distance of movement at 24 hpa, as well as
maximum acceleration at 48 hpa (P< 0.05), while there were
no signifcant diferences at other time points (Figures 3(a)–
3(c)). Simultaneously, the cumulative duration of the mobile
state and highly mobile state were also signifcantly pro-
longed, and that of the immobile state was correspondingly
shortened at 24 hpa in the P-FCS treatment group (P< 0.05,
Figures 3(d)–3(f )). Moreover, there was no signifcant dif-
ference in zebrafsh larvae locomotor behaviors between the
three groups at 48 and 72 hpa. Tese fndings were in
correspondence with the fnding in Figure 2, which impli-
cated that P-FCS shows regeneration-promoting potentials
in zebrafsh.

3.5. FCS IncreasedmRNAExpression of Regeneration-Related
Genes. To further access the regeneration-promoting ca-
pabilities of FCS, the mRNA expressions of regeneration-
related genes at 4, 24, 48, and 72 hpa were investigated. As
shown in Figure 4, tail amputation increased bmp2b and
bmp4 gene expression in larvae at 24 and 72 hpa (P< 0.05).
After G-FCS treatment, the expression level of bmp4 at
24 hpa, muscle segment homeobox 1b (msx1b), and bmp2a
at 48 hpa, fgf20a, bmp2b, and bmp4 at 72 hpa were signif-
cantly increased (P< 0.05), while these genes expression at
4 hpa had no signifcant changes. In contrast, P-FCS sig-
nifcantly increased mRNA expressions of wingless-type
MMTV integration site family, member 10A (wnt10a),
msx1b, fgf20a, bmp2a, bmp4, and igf2b at 4 hpa, as well as
wnt10a, bmp2a, and bmp4 at 24 hpa (P< 0.05), whereas the
expression of regeneration-related genes exhibited no sig-
nifcant diference at 48 and 72 hpa. Tese results indicated
that G-FCS and P-FCS promote the regeneration program
by upregulating the expression of regeneration-related genes
at diferent times, and P-FCS responded faster in the healing
process, which may account for the regrowth process of the
larval fn (Figure 2).

3.6. FCS Activated the Immune Response in Larvae after
Amputation. To investigate themechanism of FCS in the tail
fn regeneration process, the mRNA and protein expressions
of pivotal cytokines in immune response, TLR-NF-κB sig-
naling pathway-related genes, and the production of NO
were detected. As shown in Figure 5(a), the mRNA ex-
pression of tumor necrosis factor α (TNF-α) and
interleukin-6 (il-6) genes was markedly elevated following
amputation; meanwhile, the protein expression of TNF-α
was signifcantly increased (Figures 5(b) and 5(c), P< 0.05).
G-FCS signifcantly increased the transcriptional level of IL-
6 and interferon-gamma 1 (IFN-c), although the protein
expression of TNF-α (P< 0.05) is inhibited; meanwhile,
P-FCS signifcantly increased inducible nitric oxide synthase
(iNOS), TNF-α, IL-6, IL-10, and IFN-c genes expression
levels, as well as promoted IL-1β protein level (P< 0.05). In
addition, it was found that caudal fn amputation signif-
cantly suppressed the content of NO, while G-FSC and
P-FCS inverted the inhibition of FCS in NO production,
together with the dramatically enhanced NO level with
P-FCS treatment that was consistent with the upregulation
of iNOS (P< 0.05, Figures 5(a) and 5(d)). Among TLR-NF-
κB signaling pathway-related genes, amputation increased
the expression level of NF-κb (P< 0.05), while G-FCS
treatment increased the gene expression levels of toll-like
receptor 4a (TLR4a) and myeloid diferentiation factor 88
(MyD88) (P< 0.05), and P-FCS showed a strong promoting
efect on evaluating TLR3, TLR4a, NF-κb, and MyD88 ex-
pressions (Figure 5(e)). Tese results revealed that FCS
activated the immune response e following amputation, and
P-FCS may have relatively stronger protection.

3.7. FCS Increased the Expression of Antioxidant Enzymes.
To evaluate the efect of FCS on the maintaining of oxidative
homeostasis in zebrafsh after amputation, the antioxidant
enzyme levels were detected. As shown in Figure 6, the
contents of CAT, SOD, and G6PD were signifcantly de-
creased following amputation treatment, while G-FCS and
P-FCS supplement both induced signifcant recovery
(P< 0.05, Figure 6), indicating that FCS had the antioxidant
capacity that may conquer the adversity.

4. Discussion

In the present study, two types of FCS were isolated from
green and purple A. japonicus. Tere was little diference in
molecular weight and functional groups between the two
FCSs, while the discrepancy was found in the character-
ization of surface topological features. G-FCS was mainly
composed of short linear chains with a few spherical lumps,
indicating the molecular aggregation and the branched and
entangled structures, which might be contributed to that the
hydroxyl groups of FCS could form intimate interactions
with each other [26]. Moreover, the 1.8 nm mean height of
G-FCS was greater than that of the single-chain poly-
saccharides (0.1–1.0 nm), which suggested the formation of
crosslinks between the G-FCS molecules. Similarly, FCS
extracted from Pearsonothuria graefei and Isostichopus
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badionotus showed analogous structures [27]. While P-FCS
molecules displayed elongated linear chains (Figure 1(d)),
whose height of 2.2 nm is higher than the linear
κ-carrageenan (0.66± 0.16) [28]. Tis phenomenon may be
attributed to their branched structure that increased the
steric hindrance of molecular chains. Te conformation is
similar to the FCS extracted from A. japonicus in previous
research [29]. Te biological activity of polysaccharides
primarily counted on their structural features in which
molecular weight and chain conformation are essentials that
considerably infuence the capacity of polysaccharides [30].
Terefore, the diversity of conformation between G-FCS and
P-FCS could imply the diverse bioactivity properties
they have.

Sea cucumber is regarded as a sort of functional food and
pharmaceutical agent considering their unique capability of
repairing, renewing, or regenerating themselves when
damaged. Numerous research studies have revealed that
extracts from sea cucumber benefted the wound healing
process in various experimental animals [6], among which
FCS as a unique type of polysaccharide existing in sea cu-
cumber has shown therapeutic efects. Te repair efciency
of FCS is exhibited in the central nervous system, liver
development, and connective tissue [31]. In the present
study, zebrafsh larvae with amputated tails were used to
explore the regeneration-promoting capability of FCS.
Following amputation, the size and shape of the caudal fn of
zebrafsh larvae undergo a series of complex processes and
are restored within 3 days, which is consistent with the
observations in the previous study on zebrafsh [32].

Compared to the control group, P-FCS signifcantly in-
creased the regrowth area of the caudal fn at 48 hpa,
explaining the events at 48 hpa were essential to promote
wound closure. Meanwhile, both FCSs tend to facilitate the
growth of zebrafsh other than the initial period (within
4 hpa), which is coincident with the property of growth
promotion for FCS extracted from A. japonicus on neurite in
the previous investigation [33]. Te locomotion of zebrafsh
larvae was afected by the caudal fn morphological im-
pairment. Interestingly, the restoration of locomotor be-
havior was not always synchronous with the renewal of the
caudal fn. Previous research found that the movement
behavior of zebrafsh larvae was restored at 48 hpa rather
than at 72 hpa which could be the time point that the shape
and size of the caudal fn were restored [34]. A similar
phenomenon was discovered in this study that the move-
ment behavior including total distance, maximum acceler-
ation, and mean velocity of the P-FCS treatment group was
signifcantly boosted at 24 hpa, other than the key time at
48 h that facilitate the restoration of the caudal fn. Tese
observations demonstrated that P-FCS accelerated the re-
covery process of the movement behavior of zebrafsh larvae
and this change could attribute to the regeneration-
promoting efciency. Furthermore, the two FCSs pro-
moted zebrafsh larval fn regeneration to diferent degrees,
and the P-FCS had a stronger promotion efect on caudal fn
regeneration compared to the G-FCS, which might be at-
tributed to the diferent molecular features.

Previous studies had demonstrated that there are mul-
tiple signaling pathways involved in caudal fn regeneration,
such as Wnt/β-catenin, BMP, FGF, and IGF; these pathways
generally synergistically regulate the regeneration process
through complex coordinated mechanisms [12]. Our results
found that the regeneration-related genes of zebrafsh that
were treated with FCSs were upregulated, manifesting that
the promotion of fn regeneration caused by FCS may be the
result of the intervention of these genes involved in re-
generation. Similarly, the fucosylated chondroitin sulfate
isolated from Acaudina molpadioides exhibited anti-
adipogenic activity by enhancing the expression of the Wnt/
β-catenin related factors [35]. FCS fromHoloturia Mexicana
showed strong binding afnities to fbroblast growth factors
1 and 2, suggesting the neovascularization promotion of FCS
[36]. Te exogenous chondroitin sulfate was proved to
possess deep afnities to FGF and BMPs, oversulfated
chondroitin sulfate-E improved osteoblast diferentiation by
binding to BMP4 [37, 38]. In addition, we found that there
are temporal diferences and target disparities for signal
pathways, that P-FCS activated more regeneration-related
genes and responded at an early stage, while G-PCS targeted
msx1b, fgf20a, and BMP pathway-related genes in the later
stages of caudal fn renewal. It is accorded with the mor-
phological observations for promoted caudal fn re-
generation and might account for that P-FCS prompted the
regeneration of the fn at 48 hpa.

Tere is substantial evidence showing that the immune
system played a key role in tissue regrowth and regeneration,
which mitigated infections, cleared impaired cells, and
initiated tissue repair [17, 39]. It had identifed that TNF-α
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igf2b, insulin-like growth factor 2b.

Aquaculture Research 7



was one of the key signals expressed transiently by mac-
rophages during the early stages of regeneration, which
controlled the regeneration process by inducing the in-
fammatory mediators [16]. Te IL-1β-mediated transient
infammatory response was required for proper regeneration
in the fn; it played a vital role in caudal fn regeneration by
regulating the expression of regeneration-related genes [14].
Moreover, IL-10 was crucial for sar-free healing in fetal mice
and adult mice that IL-10 overexpressed, which is likely due
to the regulation of infammation, as well as the extracellular
matrix, fbroblast cell, and endothelial progenitor cells
function [40]. It proved that FCS from A. japonicus exerted

excellent immunomodulatory activities in both congenital
and adaptive immune systems [41]. FCS from Stichopus
chloronotus had been demonstrated to promote the pino-
cytic activity, the proliferation, and the production of cy-
tokines and NO on RAW 264.7 cells, suggesting that FCS
could enhance the immune response of macrophages [42].
Our research showed that cytokines-related genes were
upregulated and both FCSs possessed the ability to regulate
the proinfammatory cytokines including TNF-α, IL-6, and
anti-infammatory cytokine IL-10 and iNOS expression
associated with the production of NO for enhancing im-
munity. IFN-c could trigger macrophages to release
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Figure 5:Te efects of FCS on the immune response of zebrafsh larvae at 48 hpa. (a)Te transcription levels of genes related to the immune
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proinfammatory cytokines and produce increased amounts
of nitrogen radicals, oxygen, and superoxide anions to en-
hance their killing capacity [43]. Present results of upre-
gulated IFN-c expression as well as the augmented protein
expression of TNF-α and IL-1β proved the activation of
immune response under FCS treatment, refecting that FCSs
had immunostimulatory efects on zebrafsh caudal fn re-
generation. Coincidentally, the glycosaminoglycan extracted
from Stichopus hermaniiwas also showing positive efects on
modulating infammation in the healing process in rats with
oral mucous traumatic ulcers [44].

Previous studies had reported that plant polysaccharides
activated the macrophages’ immune responses mainly
through TLRs [45]. Both MyD88 dependent/independent
TLR signaling pathways activate transcription factors such
as NF-κB by recognizing homologous ligands, sequentially
a series of infammatory cytokines and chemokines which
were essential in immune responses also be mobilized
[46, 47]. Among them, TLR4 was revealed to be efective in
tissue repair and regeneration, and a slower healing process
was found in TLR4-/- mice [48]. Besides, the TNF-α/TNFR1
signaling pathway is demanded for blastema cell pro-
liferation and fn regeneration in zebrafsh larvae [16]. In the
present study, the mRNA expression of TLR3, 4a, myd88,
and nf-κb in the P-FCS treatment group was markedly
upregulated, which suggested that FCS may be activated the
NF-κB signaling pathway through TLRs to regulate immune
activity. Moreover, the chain conformation of FCSs had been
revealed to afect their biological activities [29]. Accordingly,
the disparate efciency between G-FCS and P-FCS con-
frmed our previous assumption, the bioactivities on fn
regeneration, locomotion, and immune response of FCS
were presumably determined by the structural characteris-
tics, with the elongated linear chains and higher height of
P-FCS molecular might contribute to its stronger function
in vivo.

Oxidative stress induced following a wound is the main
obstacle for wound healing since excessive free radicals
around the wound damage the surrounding tissues that
cause the retard of wound enclosure [19]. Antioxidase of

SOD, CAT, and G6PD had the efects of converting per-
oxides formed in the body into less toxic and harmless
substances and played an important role in keeping the
homeostasis of oxidation and dynamic equilibrium of free
radicals in vivo. SOD was the primary parclose against
oxidative damage and could dismutate the superoxide anion
radical into hydrogen peroxide (H2O2), ulteriorly detoxifed
H2O2 by CAT [49]. G6PD was an enzyme that catalyzes the
frst reaction in the pentose phosphate pathway, providing
reducing power for all cells [50]. FCS isolated from
S. chloronotus,Acaudina molpadioidea, andA. japonicuswas
demonstrated to scavenge free radicals remarkedly, that it
can serve as a potent antioxidant in vitro [1]. A current study
presented that amputation signifcantly decreased the con-
tents of CAT, SOD, and G6PD, and their levels notably
recovered under FCS treatment, suggesting that FCS had
antioxidant protection efects on zebrafsh larvae following
amputation and exerted positive impacts on the restoration
of tissues.

5. Conclusion

In conclusion, the G-FCS and P-FCS obtained from green
and purpleA. japonicus are with diferent molecular weights,
and the main discrepancy of structures is the character-
ization of surface topological features. G-FCS and P-FCS
tended to have benefcial efects on caudal fn regeneration of
zebrafsh at 4–120 hpa, in which 48 hpa was regarded as the
key period following FCS treatment associated with the
upregulated mRNA expression of Wnt/β-catenin, BMP,
FGF, and IGF pathways-related genes. Meanwhile, the lo-
comotor activity of amputated larvae was also diferently
improved. Asmodulators in the regeneration process, P-FCS
functioned at the early stage, while G-PCS in the later stages.
It was demonstrated that both FCSs exerted immuno-
modulatory activity to enhance regeneration via facilitating
the secretion of immunomodulatory cytokines, and the
immunomodulatory function may be mediated through the
promotion of NF-κB and TLRs pathways. In addition, both
FCSs also exhibited antioxidant capacity, which could also
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prompt the restoration of tissues. Tese fndings would
provide the basis for developing drugs to accelerate wound
healing and tissue remodeling, and also establish a funda-
ment for further utilization and development of diferent
color morphs of A. japonicus.
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